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Abstract

Continuous-wave, ramped amplitude, and frequency modulated cross-polarization schemes (abbreviated as CWCP, RACP, and
FMCEP, respectively) are evaluated for static samples in anisotropic phases, such as peptides oriented in lipid environments. It is
shown experimentally that both RACP and FMCP give rise to 20% higher polarized signal intensity in comparison to CWCP. The
CP matching bandwidths for CWCP and RACP are about the same. Because of its adiabaticity, FMCP has a much broader CP
matching bandwidth than CWCP and RACP. In addition, the >N RF amplitude used at the center of the FMCP matching profile is
much lower than that of the CWCP and RACP matching profiles. A sample of ["N]Leuy labeled gramicidin A oriented in lipid

bilayers was used to demonstrate these experiments.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cross-polarization (CP) [1] has been widely used to
enhance the polarization of dilute nuclei, S with low
gyromagnetic ratios from abundant nuclei, / with higher
gyromagnetic ratios. Efficient CP transfer is generally
achieved by spin-locking both the 7 and S spins with
radiofrequency (RF) amplitudes that fulfill the Hart-
mann—Hahn match condition wj; = wis [2], where wy;
and wg refer to the amplitudes of the RF fields applied
to the 7 and S spins, respectively. The matching band-
width is dictated by the I-S heteronuclear interactions
(including dipolar and scalar interactions), as well as the
'"H homonuclear dipolar interactions [3]. In solids, the
Hartmann-Hahn match condition is relatively easy to
fulfill because of the presence of strong dipolar cou-
plings. In contrast, although CP can also be very useful
in isotropic liquids to transfer coherence between scalar-
coupled nuclei [4,5], other techniques such as the Over-
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hauser effect [6,7] and INEPT [8,9] are primary means
for the heteronuclear polarization transfer in liquids.
This is because weak scalar couplings in liquids make
the Hartmann—-Hahn match condition very difficult to
achieve, thus greatly decreasing the CP efficiency. Here,
cross-polarization suitable for samples in static aniso-
tropic phases, such as liquid crystals and membrane
proteins oriented in hydrated lipid environments, is
discussed.

It has been well known in CP magic angle spinning
(MAS) NMR that as long as the spinning speed is much
smaller than the homogeneous linewidth of the [ spins,
spin diffusion among the 7 spins is as efficient as in static
solids, so that the Hartmann—Hahn match condition can
be violated without dramatic consequences. In other
words, the Hartmann-Hahn matching bandwidth is
very broad. However, when the spinning speed is com-
parable to, or larger than, the linewidth of the I spins,
the Hartmann-Hahn match condition is broken into a
series of sidebands separated by the spinning speed [10].
The width of these sidebands is much narrower than the
matching bandwidth for a static sample. Under these
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conditions, the matching condition tends to be very
sensitive to experimental imperfections such as RF in-
homogeneities and amplifier instabilities during long
duration experiments thus significantly reducing the CP
efficiency [11].

Many spectroscopic approaches have been proposed
in the past decades to enhance the CP efficiency in
both solid-state static and MAS NMR by broadening
the Hartmann—-Hahn match condition [12-20]. For in-
stance, amplitude modulation [12,13] and frequency
modulation [14-16] have been used to broaden the
Hartmann-Hahn match condition under fast MAS. In
static samples, MOIST [17,18], adiabatic schemes such
as adiabatic passage [19] and variable-amplitude CP [20]
have been used to improve the CP efficiency. However,
some spin properties for samples in anisotropic phases
such as liquid crystals and membrane proteins oriented
in hydrated lipid environments are quite different from
those in rigid solids [21]. Thus, many CP methods de-
veloped for static or MAS solid-state NMR may not
necessarily be optimal for anisotropic phases. For ex-
ample, a sample of gramicidin A oriented in hydrated
lipid environments experiences a significant degree of
dynamics so that the CP match condition tends to be
very critical even without sample spinning. Moreover,
the 'H spin-lattice relaxation time in the rotating frame
(T1,) is typically on the order of a few milliseconds [22].
Since the adiabatic CP schemes used in static solids
usually require a relatively long CP contact time to fulfill
the adiabatic condition [19], they can hardly be applied
to these anisotropic phases. Furthermore, the presence
of high hydration in the anisotropic phases absorbs
considerable RF energy so that sample heating becomes
very significant especially under strong RF irradiation.
Thus it is highly desirable to use low RF amplitude
during spectroscopic measurements of such samples. It
has been demonstrated that CP can become very effi-
cient [23] in isotropic liquids when the RF amplitudes
are comparable to the heteronuclear scalar coupling
constants, which are on the order of a hundred Hertz.
However, such low RF amplitudes are not appropriate
for spin-locking in the anisotropic phases exhibiting
much stronger interactions. In addition, due to the na-
ture of aligned membrane protein samples, a large
rectangular sample coil is typically used to acquire weak
NMR signals. For such coils RF inhomogeneities across
the sample region may be very significant and the
Hartmann-Hahn match condition may become impos-
sible to achieve over the entire sample region with
standard cross-polarization methods.

In this work, we apply three CP schemes to aligned
membrane samples in a liquid crystalline phase, con-
tinuous-wave CP (CWCP), ramped-amplitude CP
(RACP) [24], and frequency modulated CP (FMCP)
[14,15]. Their CP efficiencies will be evaluated and dis-
cussed using a ’N-labeled gramicidin A sample oriented

in hydrated lipid bilayers. Gramicidin A (gA) is a
polypeptide of 15 amino acid residues, whose high-res-
olution structure in lipid bilayers has been uniquely
defined using 120 orientational restraints from solid-
state NMR [25,26].

2. Materials and experiments

An oriented ['"N]Leuy labeled gramicidin A (gA)
sample was prepared by codissolving 10mg gA and
30mg dimyristoylphosphatidylcholine (DMPC) in
1.5ml 95/5 (v/v) benzene/ethanol solution. Thirty mi-
croliters of the solution was spread on each of 50 glass
slides (5.7 x 12.0 x 0.07 mm?), following which the sol-
vents were partially evaporated in air at room temper-
ature. Drying was completed overnight in a vacuum.
These glass slides were then stacked in a square glass
tube (with inner dimension of 6.0 x 6.0 x 15.0 mm?). The
tube was sealed after adding 50% HPLC-grade H,O (by
total sample dry weight) and incubated at 43 °C until the
sample became transparent and uniformly hydrated [27].
The sample was placed in the magnetic field such that
the normal to the lipid bilayers was parallel to By.

All NMR measurements were carried out at 30 °C on
a 400 MHz NMR spectrometer with a Bruker DRX
console, equipped with a homebuilt wideline 'H-'’N
double resonance NMR probe using a large rectangular
sample coil (8 x 8 x 12mm?). The coil was directly
wound on the sample tube using copper foil in order to
enhance the RF performance of the probe. The Larmor
frequencies of 'H and N are 400.1 and 40.5MHz,
respectively. Brey et al. [28] evaluated the RF inhomo-
geneities by measuring the signal intensities in a single-
pulse experiment as a function of flip angle, up to 810°.
They reported that the intensity ratios, Agjge/Agge Were
0.78 for "N and 0.40 for 'H with a large sample coil
(8 x 8 x 12mm?). The "N RF spin-lock amplitudes in
the experiments were determined via measurement of
the 180° pulse length at different RF input power levels,
while matching the '"H RF spin-lock amplitude cali-
brated to be 38.5kHz by measurement of the 'H 180°
pulse length via indirect observation of the N signals
through CP.

SN signals were observed at 145 ppm with respect to
0 ppm for a saturated solution of ’NH4NO; [25]. For
each experiment, 4096 scans were accumulated with a
recycle delay of 5s during continuous-wave proton de-
coupling with an RF amplitude of 38.5 kHz. The contact
time used was 600 ps in all measurements. The ’N RF
amplitude was varied in order to obtain the matching
bandwidths for the three CP schemes. For CWCP, both
the "N RF amplitude and its frequency are kept con-
stant during the individual experiments. For the RACP
scheme, the "N RF amplitude is ramped from 80 to
100% of the maximum RF amplitude, but its carrier
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frequency is kept constant. For FMCP, the '’N carrier
frequency is modulated by a single cycle of a sine wave
over the CP contact time, while its RF amplitude is kept
constant. The average of the frequency modulation is
positioned in the center of the ’N NMR spectrum. In
our experiments, the depth of the frequency modulation
used was 50 kHz and 2048 steps were used to digitize this
modulation over the CP contact time. The waveform for
the frequency modulation was generated using a C
program and transferred to the waveform generator.

3. Results and discussion

Fig. 1 shows CP optimized N spectra of "N-Leuy
gramicidin A (gA) oriented in DMPC (1:8 molar ratio)
bilayers using three CP schemes. '’N signal intensities
obtained by RACP and FMCP are about 25 and 20%
larger, respectively, than that by CWCP. The '°N spin-
lock RF amplitude used in the CWCP experiment is
about the same as the average '’N RF amplitude in the
RACP measurement, while the optimized N RF am-
plitude in the FMCP spectrum appears to be more than
2kHz lower than in CWCP and RACP. It is worth
noting that in oriented samples the transfer of magne-
tization from the 7 to S spins oscillates with respect to
the contact time [22,29]. Therefore, a CP contact time
needs to be carefully chosen for maximum polarization
transfer [30]. Since the transient dipolar oscillation de-
pends on the heteronuclear dipolar coupling between the
I and S spins, it would be preferable to choose a rela-
tively long contact time to avoid the oscillatory period in
order to maximize signals for various sites. With the
sample used here, the transient dipolar oscillation was
damped almost completely at a contact time of 600 ps by
the proton—proton spin diffusion. Therefore, such a
contact time was chosen for our measurements. A longer
contact time further decreases the signal intensity be-
cause the gA sample exhibits a relatively short 'H spin—
lattice relaxation time in the rotating frame [22,31].

Fig. 2 shows the plot of '°N intensities as a function
of RF amplitude in the three different schemes. The CP
matching bandwidth for CWCP is about 12 kHz, mea-
sured at 70% of the maximum CWCP signal height,
much narrower than what is normally observed in rigid
solid samples [3]. This implies the presence of a signifi-
cant degree of dynamics in the hydrated gA sample that
reduces the dipolar interactions. It is surprising from
Fig. 2 that the CP matching bandwidth for RACP is
increased only slightly to 14kHz compared to that for
CWCP when the average RF amplitude for RACP,
which corresponds to 90% of the maximum RF ampli-
tude, is used for the abscissa. Furthermore, the center of
the match profile appears at the optimal Hartmann—
Hahn match condition (i.e., win/2n = wg/2n = 38.5
kHz), even though RACP clearly polarizes more of the
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Fig. 1. Optimized ’N NMR spectra of '"N-Leuy gramicidin A ori-
ented (1:8 molar ratio) in DMPC using different CP schemes: (A)
CWCP, (B) RACP, and (C) FMCP. The bar () on the spectra indicates
the peak height of the CWCP spectrum. In the CWCP experiment, the
optimal °N signal was obtained with the "N RF spin-lock amplitude
of 38.4kHz. In the RACP experiment, the optimal °N signal intensity
was achieved when the "N RF amplitude was ramped between 34.5
and 43.1kHz, corresponding to an average amplitude of 38.8 kHz.
While in FMCP, an N RF amplitude of 36.3kHz gives rise to
maximum polarization for the >N signal.

sample than CWCP. This is different from examples of
RACP in fast MAS cases of solid samples where RACP
exhibits a much broader matching bandwidth compared
to CWCP [24]. For FMCP, the CP matching profile is
dramatically broader than that in CWCP and RACP.
The range of >N RF amplitude resulting in 70% of the
CWCP signal intensity is broadened by a factor of 2.8
compared to CWCP. As a result, the CP efficiency tends
to be less sensitive to the RF inhomogeneities as well as
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Fig. 2. PN intensities as a function of RF amplitude with the three
different schemes: CWCP (M), RACP (O), and FMCP (A). All in-
tensities were normalized to the maximum signal obtained by CWCP
at the N RF amplitude of 38.4 kHz. Average RF amplitudes are used
for RACP in the plot. The error bars were calculated based on the
noise levels in the spectra.

the resonance offsets for both channels. In the center of
the matching profile for FMCP, the >N RF amplitude is
28.5kHz, much lower than that for CWCP and RACP.
This generates a significant advantage for cross-polari-
zation, because it is technically difficult when using an
NMR probe with a large sample coil to generate high
N RF amplitudes due to its low gyromagnetic ratio.
For CWCP and RACP, the "N RF amplitude gener-
ated by the large sample coil may be a limiting factor for
setting the 'H RF amplitude during CP. Therefore, for
FMCP a much higher 'H RF amplitude can be used
for CP even if a limited "N RF amplitude is achieved by
the probe. The higher 'H RF amplitude will lead to a
longer 'H spin-lattice relaxation time in the tilted ro-
tating frame that gives rise to less decay of the 'H
magnetization in the tilted rotating frame so as to in-
crease the polarized signal intensities [32].

Since we used a large rectangular sample coil
(8 x 8 x 12mm?), the presence of RF inhomogeneities
across the sample region especially for 'H is anticipated.
Therefore, it would be difficult to fulfill the exact
Hartmann—-Hahn match condition over the entire sam-
ple volume with CWCP. In other words, the CWCP
efficiency will vary across the sample. MOIST [17,18]
improves the CP efficiency under inhomogeneous RF
fields by inverting the two spin-lock fields simulta-
neously during CP. Our experiments showed that the
signal intensities obtained by MOIST were about 90% of
that obtained by CWCP, although the former broad-
ened the CP matching bandwidth by a factor of two in
comparison with the latter (spectra not shown). There-
fore, FMCP appears to be the best method for achieving
an excellent and stable Hartmann-Hahn match condi-

tion for these hydrated bilayer samples observed in a
liquid crystalline state. This is particularly important for
low sensitivity samples, since the hydration level greatly
affects the sample properties thus making cross polari-
zation parameters difficult and very time-consuming to
set up.

To understand the FMCP matching profile, the adi-
abaticity and the average effective >N spin-lock ampli-
tude under frequency modulation has been examined.
The degree to which the adiabatic condition is satisfied
can be quantified by introducing the adiabaticity factor
0 [33-37]

_ ewer(1)]
B |d6f;dz| ’ (1)

where e (¢) is the N transient RF amplitude and
d6/dt defines the change of the transient RF field. If we
consider the sine wave modulation as used in our ex-
periments, the minimum Q value over the modulation
can be derived as [14]

0

2
- wiTcp

min — 3 2
0 o, (2)
where ) is the N RF amplitude, o, is the depth of the
frequency modulation, and tcp is the CP contact time.
When Q > 1, the adiabatic condition is fulfilled.

The transient >N RF amplitude for FMCP is defined
by

ur(t) = \/ 0} + [, sin(2mtzco)]- 3)

Thus the average value of the effective field can be cal-
culated by

1 Tcp

Weff = ——

Tce Jo

It has been known that the effective field can be
greatly increased by using frequency offset and an ex-
perimental strategy utilizing the frequency offset has
been used during CP to dramatically reduce the RF
power used in CP [38,39]. Thus, when the amplitude
modulation (e.g., the ramped amplitude) is combined
with a relatively large frequency offset, it is possible that
the CP efficiency might become less sensitive to the ap-
plied RF amplitude due to the contribution of the
constant frequency offset to the effective field, provided
that the adiabaticity is somehow fulfilled. In this case, an
ISN RF pulse is required at the end of the CP contact to
flip the polarized magnetization onto the x—y plane for
detection [38,39]. For the frequency modulation used
here, the effective RF spin-lock field is always larger
than the applied RF amplitude, as indicated in Eq. (3).
Fig. 3 shows the O value and the average field for FMCP
at different RF amplitudes. We used w,/2n = 50kHz,
tcp = 600 us and w; /27 ranging from 10 to 45kHz in
the simulations. From Eq. (2), when w;/2n = 45kHz,
the adiabatic condition is fulfilled with Q =24.3 > 1.

Weff dsr. (4)
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Fig. 3. O value and average field for FMCP: solid line indicates Q value
and dashed line for average field. Q is the adiabaticity factor obtained
from Eq. (2) and the average field is obtained from Eq. (4).

However, when w;/2n = 10kHz, the adiabatic condi-
tion is not well met, O = 1.2. Consequently the polarized
SN signal intensity at very low >N RF amplitude (e.g.,
13 kHz) is less than that at high >N RF amplitude (e.g.,
40 kHz), resulting in an asymmetric CP matching profile
for FMCP, as shown in Fig. 2. Fig. 3 shows that the
change of the average field for FMCP is less sensitive to
the N RF amplitude. When the >N RF amplitude is
44 kHz, the average field is 56kHz. An "N RF ampli-
tude of 13kHz corresponds to an average field of
35kHz. Therefore, FMCP has a matching profile rang-
ing from 13 to 44kHz (a 31 kHz range), while the av-
erage field is in the range 35-56kHz (a 21 kHz range).
Even the matching range of the average field is nearly
twice as broad as that for CWCP and RACP. The av-
erage field for FMCP depends on the modulation pa-
rameters and on the "N RF amplitude. With a larger
wy, the average field becomes less dependent on the N
RF amplitude. For instance, when w,/2n = 40 kHz and
w1 /2m is from 13 to 44kHz (a 31kHz range), the cal-
culated average field based on Eq. (4) is from 29 to
52kHz (a 23 kHz range). While at w,/2n = 60 kHz with
the same range of w;/2x, the average field is from 41 to
60kHz (a 19kHz range). However, the adiabatic con-
dition becomes relatively difficult to fulfill at a large wy,
as indicated in Eq. (2), especially when w; is low.

4. Conclusions

We have evaluated the cross-polarization of CWCP,
RACP, and FMCP as applied to peptide samples ori-
ented in hydrated phospholipid bilayers in terms of
cross-polarization efficiency and cross-polarization
matching bandwidth. It is shown experimentally that
FMCP and RACP give rise to 20 and 25%, respectively,
more N signal than CWCP. Both CWCP and RACP

show the same narrow CP matching bandwidth as a
function of ’N RF amplitude while FMCP exhibits a
much broader matching bandwidth whether measured
as a function of RF amplitude or as a function of av-
erage field. The use of FMCP allows us to optimize the
CP condition easily in low sensitivity samples and to
save considerable time in the spectrometer set up.
Moreover, the YN RF amplitude used in FMCP can be
significantly lower than in CWCP and RACP, thus re-
ducing sample heating due to RF irradiation. Alterna-
tively, FMCP can allow for much higher 'H irradiation
to achieve better 77, while allowing nearly optimal
cross-polarization.
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